Synaptic inhibition depends on a transmembrane gradient of chloride, which is set by the neuron-specific K ؉ -Cl ؊ co-transporter KCC2. Reduced KCC2 levels in the neuronal membrane contribute to the generation of epilepsy, neuropathic pain, and autism spectrum disorders; thus, it is important to characterize the mechanisms regulating KCC2 expression. In the present study, we determined the role of KCC2-protein interactions in regulating total and surface membrane KCC2 expression. Using quantitative immunofluorescence in cultured mouse hippocampal neurons, we discovered that the kainate receptor subunit GluK2 and the auxiliary subunit Neto2 significantly increase the total KCC2 abundance in neurons but that GluK2 exclusively increases the abundance of KCC2 in the surface membrane. Using a live cell imaging assay, we further determined that KCC2 recycling primarily occurs within 1-2 h and that GluK2 produces an ϳ40% increase in the amount of KCC2 recycled to the membrane during this time period. This GluK2-mediated increase in surface recycling translated to a significant increase in KCC2 expression in the surface membrane. Moreover, we found that KCC2 recycling is enhanced by protein kinase C-mediated phosphorylation of the GluK2 C-terminal residues Ser-846 and Ser-868. Lastly, using gramicidin-perforated patch clamp recordings, we found that the GluK2-mediated increase in KCC2 recycling to the surface membrane translates to a hyperpolarization of the reversal potential for GABA (E GABA ). In conclusion, our results have revealed a mechanism by which kainate receptors regulate KCC2 expression in the hippocampus.
The classic fast hyperpolarizing inhibition of the mature brain results primarily from the activation of GABA A receptors.
These receptors are Cl Ϫ -permeable ion channels, and inhibition results from the influx of Cl Ϫ into the neuron (1) . This inward gradient for Cl Ϫ is set by the neuron-specific K ϩ /Cl Ϫ co-transporter KCC2 (2, 3) . Despite the requirement of KCC2 for hyperpolarizing inhibition, the mechanisms that regulate KCC2 expression and function are still under intense investigation.
In addition to the critical role KCC2 plays in synaptic inhibition, KCC2 is highly localized to excitatory synapses (4, 5) , where it plays important roles in the development (6) and the function of glutamatergic synapses (7, 8) . In fact, single-particle tracking revealed that KCC2 is tightly confined to excitatory synapses (5) , which may result from local protein interactions. Thus, understanding how proteins associated with excitatory synapses regulate KCC2 function may provide critical insight to the function of KCC2.
KCC2 exists in a multiprotein complex and is regulated by components of excitatory synaptic transmission (9 -11) . Specifically, KCC2 interacts with both the kainate-type ionotropic glutamate receptor subunit GluK2 (9) and its auxiliary subunit Neto2 (10) . Neto2 regulates KCC2-mediated Cl Ϫ extrusion by binding to the active oligomeric form of KCC2 (10) , whereas the GluK2-KCC2 interaction is required for KCC2 oligomerization (9) , and the loss of either protein reduces KCC2-mediated Cl Ϫ extrusion (9, 10) . Although GluK2 and Neto2 can regulate KCC2 independently (9) , their key individual roles in regulating total and surface abundance have not been systematically determined. In the current study, we determined the roles of Neto2 and GluK2 in regulating both total and surface KCC2 abundance using a combination of biochemistry, live cell imaging, and electrophysiology. We determined that although both proteins can regulate total KCC2 abundance, GluK2 exclusively regulates surface abundance. Moreover, we determined that GluK2 increases surface abundance by increasing KCC2 recycling to the membrane and that this recycling can be enhanced by GluK2 phosphorylation.
Results

Neto2 and GluK2 independently increase recombinant KCC2 abundance
To determine whether Neto2 and/or GluK2 can regulate total and surface KCC2 abundance, we used heterologous cells (COS-7), which do not endogenously express our proteins of interest, allowing us to control protein expression via transfection. We first asked whether the Neto2-KCC2 interaction can increase total KCC2 abundance by transfecting cells with increasing amounts of full-length Neto2 cDNA (containing an HA tag, Neto2-FL-HA) while keeping the amount of transfected KCC2 cDNA constant. We observed that total KCC2 abundance increased in relation to increasing Neto2, despite transfecting with the same amount of KCC2 cDNA ( Fig. 1Ai ; p ϭ 0.029).
Neto2 is a single-pass transmembrane protein containing two extracellular CUB domains, which are critical for maintaining the Neto2-KCC2 interaction (10) . Based on this requirement for the CUB domains, we hypothesized that co-expressing Neto2-HA lacking these domains (Neto2-⌬CUB1&2-HA) would prevent the increase in KCC2 abundance observed in Fig. 1Ai . Surprisingly, we observed that in the absence of the Neto2-KCC2 interaction, increasing Neto2-⌬CUB1&2-HA led to a decrease in total KCC2 abundance ( Fig. 1Aii ; p ϭ 0.049). Despite the fact that the Neto2:KCC2 interaction is mediated by the extracellular CUB domains, the Neto2 tail alone can rescue the deficiency of KCC2 transport in Neto2 Ϫ/Ϫ neurons (10) . This suggests an important Neto2 tail-dependent regulation of KCC2 function that does not require physical interaction. To determine whether the Neto2 tail-dependent regulation of KCC2 includes regulation of total KCC2 abundance, we co-expressed Neto2-HA lacking the cytoplasmic tail (Neto2-⌬cyto-HA). We observed that total KCC2 abundance did not increase in response to increasing Neto2-⌬cyto-HA cDNA, and again we found a decrease in total KCC2 abundance ( Fig. 1Aiii ; p ϭ 0.004). Expression of Neto2 truncation mutants resulted in putative degradation products as indicated by the appearance of faster migration bands in Fig. 1 (Aii and Aiii), which is consistent with previous studies (10, 18) . Together, these results suggest that when Neto2 associates with KCC2, there is an increase in total KCC2 abundance; however, when this association is disrupted, either physically or through its cytoplasmic tail-dependent regulation, KCC2 is not stably expressed.
Using the same assay system, we asked whether increasing GluK2 could also increase total KCC2 abundance. We found that increasing amounts of GluK2 transfection (GluK2-MYC) also increased total KCC2 abundance, despite maintaining the same amount of KCC2 cDNA during transfection ( Fig. 1Bi ; p ϭ 0.015). To determine whether the effect on KCC2 abundance was due to GluK2 specifically, we repeated these experiments with another kainate receptor subunits GluK1 (GluK1-MYC). We found that increasing GluK1-MYC did not increase KCC2 abundance ( Fig. 1Bii ; p Ͼ 0.05). Taken together, the above results demonstrate that both Neto2 and GluK2 can independently increase total KCC2 abundance in vitro.
We next asked whether the regulation of KCC2 abundance is unique to Neto2 and GluK2 or whether other ionotropic glutamate receptors can also regulate KCC2 abundance. To answer this question, we turned to NMDA receptors (NMDARs), which we selected because their activation is known to modulate KCC2 function (12) . Because NMDA receptors are heterotetramers, we chose to perform this experiment using the obligatory GluN1 subunit. We found that increasing concentrations of transfected GluN1 did not significantly increase KCC2 abundance ( Fig. 1C ; p ϭ 0.852), which suggests that the effect of GluK2 on KCC2 may be specific to kainate receptors, at least in the hippocampus.
Neto2 and GluK2 together increase KCC2 total abundance
GluK2 normally exists in heteromeric combinations with other GluK subunits (15) and associates with Neto2 (16 -18) . To test whether GluK2 and Neto2 together can further regulate total KCC2 abundance in vitro, we co-expressed KCC2 in combinations with GluK subunits and Neto2. In this assay we used subsaturating amounts of GluK and Neto2 cDNA (125 ng) as determined above ( Fig. 1 ), in combination with KCC2 cDNA (125 ng). As we reported above, co-expression of KCC2 with either Neto2 or GluK2 significantly increased total KCC2 abundance ( Fig. 2 ; p ϭ 0.023), whereas co-expression of KCC2 with GluK1 did not ( Fig. 2 ; p Ͼ 0.05). However, when KCC2 was co-expressed with both GluK2 and Neto2, there was a significant increase in total KCC2 abundance as compared with when KCC2 was expressed with either GluK2 or Neto2 alone ( Fig. 2 ; p ϭ 0.002). These results demonstrate that although KCC2 abundance can be increased by either Neto2 or GluK2, both Neto2 and GluK2 produce a further significant increase in total KCC2 abundance in heterologous cells.
KCC2 abundance and surface expression depend on both Neto2 and GluK2 in hippocampal neurons
We have demonstrated that in combination Neto2 and GluK2 can significantly increase KCC2 abundance in a heterologous system. To determine whether this is also true in neurons and to determine the role of Neto2 and GluK2 in regulating KCC2 surface abundance, we quantified KCC2 expression in neurons using immunofluorescence. We chose to perform this experiment in GluK1/2 Ϫ/Ϫ hippocampal neurons because, in addition to lacking kainate receptor subunits, these neurons also have a reduction in Neto2 expression (9, 16) . To quantify KCC2 abundance, we performed immunocytochemistry in neurons transfected with a KCC2 construct containing an extracellular FLAG-tag ( Fig. 3A) . In contrast to recombinant systems, we found that co-expression of either Neto2 alone ( Fig. 3B ) or GluK2 alone ( Fig. 3C ) did not alter total KCC2 abundance ( Fig. 3E ). However, overexpressing GluK2 alone ( Fig. 3C ) significantly increased surface KCC2 immunofluorescence ( Fig. 3F ; p ϭ 0.004), whereas overexpressing Neto2 alone did not (Fig. 3, B and F). When both Neto2 and GluK2 were present ( Fig. 3D ), there was a significant increase in both total ( Fig. 3E ; p ϭ 0.04) and surface abundance of KCC2 ( Fig. 3F ; p ϭ 0.004). Taken together, this suggests that although both Neto2 and GluK2 are required to increase total KCC2 abundance in neurons, only GluK2 increases KCC2 expressed at the surface. Interestingly, however, only GluK2 regulated KCC2 expressed at the surface even in the absence of any increase in total KCC2 abundance. We therefore hypothesized that the GluK2-mediated increase in KCC2 surface expression resulted from a GluK2-mediated increase in KCC2 recycling to the surface.
GluK2 promotes KCC2 recycling to the neuronal membrane
To test whether GluK2 regulates KCC2 recycling to the neuronal surface, we performed a live cell recycling assay. In this assay we labeled the pool of surface KCC2 that was subsequently endocytosed and then used live imaging to quantify the recycling of that initial membrane pool back to the surface.
Similar techniques are routinely used to characterize excitatory neurotransmitter receptor endocytosis and recycling (19 -21) . As illustrated in the schematic (Fig. 4Ai ), we first labeled over- The blot was probed with the antibodies indicated on the left. Summary figure below shows total KCC2 abundance, normalized to cells transfected with KCC2 alone. Aii and Aii, similar to Ai, but cells were transfected with cDNA for Neto2 lacking the CUB domains (Neto2-⌬CUB1&2-HA) and cDNA for Neto2 lacking the cytoplasmic tail (Neto2-⌬cyto-HA). B, similar to A, but cells were transfected with cDNA for GluK2 (GluK2-MYC) (Bi) or GluK1 (GluK1-MYC) (Bii). C, similar to A and B, but cells were transfected with GluN1 (GluN1-eGFP). All immunoblots are representative of n ϭ 3 independent biological replicates. The bars represent means Ϯ S.E. Statistical significance was determined using one-way ANOVAs followed by Dunnett's post hoc test. Asterisks denote significance from control (KCC2 alone, black bars), * p Ͻ 0.05, ** p Ͻ 0.01. expressed KCC2 containing an extracellular FLAG tag using anti-FLAG antibody (step 1). Following labeling and subsequent endocytosis, we removed any remaining anti-FLAG antibody at the surface using an ice-cold acetic acid buffer wash (step 2). Following a time interval to allow for vesicle recycling (step 3), we visualized KCC2-FLAG recycling back to the membrane by staining for surface FLAG with Alexa Fluor 488 as a secondary antibody (step 4). Lastly, we permeabilized neurons and stained them for intracellular pool of non-recycled KCC2 using Alexa Fluor 555 as secondary antibody (step 5). We first verified that the acetic acid wash removed all surface anti-FLAG antibodies while leaving the cytosolic pool of FLAG-KCC2 intact ( Fig. 4Aii ). We found that when we overexpressed KCC2-FLAG, we could clearly distinguish recycled from intracellular KCC2 (Fig. 4B ). To test our hypothesis that GluK2 regulates KCC2 recycling to the neuronal surface, we compared KCC2 recycling in the somatodendritic compartment (which included the soma and first 50 m of the proximal dendrites) in GluK1/2 Ϫ/Ϫ neurons overexpressing KCC2-FLAG versus KCC2-FLAGϩGluK2. Although we found that KCC2 underwent recycling in the absence of GluK2, KCC2 recycling was significantly increased in the presence of GluK2 ( Fig. 4C ; 2 h, p ϭ 0.01; 4 h, p ϭ 0.04). KCC2 recycling was determined by normalizing surface KCC2-FLAG to total KCC2-FLAG (surface ϩ internal) to account for potential GluK2-mediated increases in total KCC2 expression. The GluK2-mediated increase in KCC2 surface recycling translated into an increase in surface KCC2-HA puncta as measured using standard immunofluorescence ( Fig. 4D ; p ϭ 0.02). To confirm that GluK2 increases KCC2 expression in the membrane, we performed total internal reflection microscopy (TIRF) 5 in COS-7 cells overexpressing KCC2-HA, which allows the imaging of proteins exclusive to the surface membrane. We observed a signif- A, representative confocal images of cultured GluK1/2 Ϫ/Ϫ hippocampal neurons overexpressing KCC2-FLAG. Surface KCC2 fluorescence was determined using an anti-FLAG antibody (green) against the extracellular FLAG epitope during live immunostaining. Total KCC2 fluorescence was determined using a KCC2-C tail antibody (red) during fixed immunostaining (n ϭ 8). B-D, experiments similar to A, but for neurons overexpressing Neto2 (n ϭ 8) (B), GluK2 (n ϭ 9) (C), or Neto2 ϩ GluK2 (n ϭ 9) (D). Scale bars, 25 m. E, summary bar graph representing the average total KCC2 fluorescence (normalized to cells overexpressing KCC2-FLAG; the bars are means Ϯ S.E.). F, similar to E, but for average surface KCC2. Statistical significance was determined using one-way ANOVAs followed by Bonferroni's multiple comparisons: *, p Ͻ 0.05; and **, p Ͻ 0.01. The n values represent individual cells on coverslips and were obtained from at a minimum of three independent sets of cultures. 
PKC-mediated phosphorylation of GluK2 is required for GluK2 to promote KCC2 recycling and GABAergic inhibition
It was previously demonstrated that PKC-mediated phosphorylation of GluK2 C-terminal residues Ser-846 and Ser-868 regulates the recycling of GluK2 to the plasma membrane (19, (22) (23) (24) . This led us to predict that if we promoted PKC-mediated GluK2 phosphorylation, we would also regulate KCC2 recycling. To test our prediction, we returned to our live cell imaging assay and took advantage of the previously characterized GluK2-S846A/S868A phospho-deficient mutant (23) . To express this phospho-deficient mutant in the absence of endogenous GluK2 and KCC2, we performed these experiments in COS-7 cells. This system allowed us to test the sufficiency of GluK2 to regulate KCC2 surface expression. We first analyzed the difference in KCC2-FLAG membrane recycling when cells were transfected with KCC2-FLAG alone or with KCC2-FLAG and GluK2. Similar to our observations in neurons we found that GluK2 facilitated KCC2 recycling (Fig. 5, A and B ; p Ͻ 0.05). We then asked whether KCC2 recycling was altered when GluK2 was phospho-deficient and found that in the absence of GluK2 phosphorylation at Ser-846/868 residues, there was a significant decrease in KCC2 recycling (Fig. 5, A and B ; p Ͻ 0.05). Moreover, there was no significant difference in KCC2 recycling between cells transfected with KCC2 alone compared with cells transfected with KCC2 and phospho-deficient GluK2 ( Fig. 5B ; p Ͼ 0.05). Thus, KCC2 recycling in the presence of phospho-deficient GluK2 mutant resembles KCC2 recycling in the absence of GluK2. These findings suggest that GluK2 phosphorylation at Ser-846/868 promotes KCC2 recycling.
If PKC-mediated phosphorylation of GluK2 promotes KCC2 recycling and surface expression, then we would predict that phosphorylated GluK2 should result in increased KCC2-mediated Cl Ϫ extrusion (because of the increase in surface abundance). To test this prediction, we promoted PKC phosphorylation using PMA. If PKC activation increases KCC2 recycling and surface abundance via phosphorylation of GluK2, then we should see a significantly higher KCC2 transport activity (determined as a hyperpolarization of E GABA ) in wild type neurons compared with GluK1/2 Ϫ/Ϫ neurons. Using gramicidin perforated patch clamp recordings to measure E GABA , we determined that promoting PKC phosphorylation with PMA in wild type neurons significantly hyperpolarized E GABA from Ϫ69.6 Ϯ 2.6 to Ϫ89.1 Ϯ 5.5mV (Fig. 6 , A and D; p ϭ 0.007). In GluK1/2 Ϫ/Ϫ neurons, PMA treatment hyperpolarized E GABA from Ϫ67 Ϯ 2.3 to Ϫ74.4 Ϯ 3.7 mV (Fig. 6B ), which also resulted in a significant hyperpolarization of E GABA (Fig. 6D ; p ϭ 0.046). Based on the results from our recycling assay, which indicated that the phosphorylation of GluK2-Ser-846/868 promotes KCC2 recycling, we predicted that in the absence of GluK2-Ser-846/868 phosphorylation, PMA would not hyperpolarize E GABA . To test this prediction, we expressed the phospho-deficient GluK2-S846A/S868A in GluK1/2 Ϫ/Ϫ neurons and repeated the above electrophysiology experiments. We found that PMA treatment did not significantly change E GABA (Fig. 6, C and D; no PMA, Ϫ55.6 Ϯ 1.6 mV; PMA, Ϫ49.28 Ϯ 2.6; p ϭ 0.09). Lastly, we determined that the re-expression of GluK2 in GluK1/2 Ϫ/Ϫ neurons was sufficient to rescue the PMA-induced hyperpolarization of E GABA (Fig. 6D ; p Ͻ 0.001). The changes in E GABA were not accompanied by any significant changes in synaptic conductance ( Fig. 6E ; p Ͼ 0.05). Thus, the PKC-mediated phosphorylation of GluK2, which in turn promotes KCC2 recycling and surface abundance, increases the capacity for Cl Ϫ extrusion, which in turn hyperpolarizes E GABA .
Discussion
In this study we determined that although both Neto2 and GluK2 increase total KCC2 abundance in hippocampal neurons, GluK2 itself plays a unique role in promoting KCC2 recycling and surface abundance. Through the use of phosphodeficient GluK2, we revealed that PKC-mediated phosphorylation of GluK2 increases KCC2 recycling and surface expression. Increased KCC2 recycling and surface expression culminates in a hyperpolarization of E GABA , which is indicative of increased KCC2-mediated Cl Ϫ extrusion and augmented GABAergic inhibition.
PKC-mediated phosphorylation is a well established essential post-translational modification of GluK2 (19, 23, 25, 26) . At relatively low levels of PKC activation, which can occur in response to metabotropic kainate receptor activation, serine phosphorylation of GluK2 increases GluK2 exocytosis from Rab11-containing recycling endosomes, which results in increased GluK2 surface abundance (25, 27) . However, in response to relatively high levels of PKC activity, phosphorylation of membrane expressed GluK2 at Ser-846 can induce endocytosis (24) . In our present study using PMA-induced phosphorylation of GluK2, we found an increase in KCC2 recycling, surface expression, and increased KCC2-mediated Cl Ϫ extrusion, which we attribute to a phosphorylation-dependent increase in GluK2 exocytosis and surface expression. However, it is possible that relatively high PKC activity levels capable of inducing GluK2 endocytosis could promote a decrease in KCC2 surface expression. Thus, it remains to be determined how the activity-dependent regulation of GluK2 phosphorylation will regulate KCC2 surface expression during a range of physiologically relevant brain states.
PKC-mediated phosphorylation is also a well established essential post-translational modification of KCC2 (12, 29) . Specifically, PKC phosphorylation of the Ser-940 residue increases KCC2 cell surface stability (by a decrease in internalization) and increases transporter efficacy (30) . In the presence of GluK2 (WT neurons and GluK1/2 Ϫ/Ϫ neurons transfected with GluK2), we propose that PMA has two independent effects that cooperate to result in the hyperpolarization of E GABA : the phosphorylation of GluK2 increases KCC2 recycling and surface expression, which essentially provides more substrate for Ser-940-KCC2 phosphorylation. However, in the case of GluK1/ 2 Ϫ/Ϫ neurons transfected with GluK2-S846A/S868A, the lack of GluK2 phosphorylation results in a decrease in KCC2 surface expression and recycling, and therefore there is a significantly smaller effect on Ser-940-KCC2. However, it is curious to note that there is no effect of PMA on E GABA of GluK1/2 Ϫ/Ϫ neurons transfected with GluK2-S846A/S868A, when we would have expected a hyperpolarization similar to that observed for untransfected GluK1/2 Ϫ/Ϫ neurons. One possibility is that the GluK2-phosphomutant decreases KCC2 levels below that A, representative gramicidin perforated patch clamp recordings from wild type cultured hippocampal neurons in standard extracellular solution (left, n ϭ 10) and following treatment with PMA (n ϭ 8). The IPSC amplitude was plotted against the holding potential; the intersection of this linear curve with the x axis was taken as E GABA , and the slope was taken as the synaptic conductance Insets: Traces of IPSCs for the examples shown. Scale bars, 100 pA, 50 ms. B, similar recordings as those performed in A, but for GluK1/2 Ϫ/Ϫ neurons in control (n ϭ 10) or PMA treatment (n ϭ 11). C, similar recordings as those performed in A, but for GluK1/2 Ϫ/Ϫ neurons transfected with GluK2-S846A/ S868A in control (n ϭ 11) or PMA treatment (n ϭ 6). D, the calculated change in E GABA induced by PMA. For GluK1/2 Ϫ/Ϫ neurons transfected with GluK2, the n values are as follows: control, n ϭ 10; and PMA treatment, n ϭ 6. E, summary of the synaptic conductance for all neuronal conditions recorded in the absence and presence of PMA. The bars represent means Ϯ S.E. Statistical significance was determined using ANOVAs (D, one-way; E, two-way). Asterisks denote significance for the PMA-induced change in E GABA for each individual set of experiments: *, p Ͻ 0.05; and ***, p Ͻ 0.001. The n values represent individual cells on coverslips and were obtained from at a minimum of three independent sets of cultures.
GluK2 regulates KCC2 surface recycling
observed in GluK1/2 Ϫ/Ϫ neurons alone; however, our results from recycling assays in Fig. 5 do not support this idea. Despite this inconsistency, overall the present results reconcile well with the existing literature on PKC-mediated phosphorylation of Ser-940-KCC2.
In the present study we primarily utilized cultured hippocampal neurons, which lack kainate receptor-mediated transmission but abundantly express the kainate receptor subunit GluK2 (31) . Kainate receptors are ionotropic receptors that can also signal through G-proteins (32, 33) , thus raising the intriguing possibility that this non-canonical metabotropic activity may trigger a signal transduction cascade, leading to the regulation of KCC2 function. This possibility is particularly interesting given that the metabotropic activity of kainate receptors can lead to an activation of PKC (34), a kinase that is well known to regulate KCC2 surface expression (12, 29) . It is also possible that activation of the ionotropic current could lead to a change in local intracellular osmolarity, which could regulate KCC2 function because this transporter is sensitive to changes in isotonic osmolarity (35) . However, the activity-dependent kainate receptor-mediated regulation of KCC2 function awaits future testing, which will be significantly aided by the development of specific inhibitors of the metabotropic signaling pathways downstream of kainate receptors.
Previous studies have demonstrated that Neto2 expression is dependent on GluK2 and that GluK1/2 Ϫ/Ϫ neurons have reduced Neto2 protein abundance (9, 16) . It is therefore possible to interpret that the observed diminution in KCC2 surface expression in GluK1/2 Ϫ/Ϫ neurons may be indirectly mediated by a reduction in total Neto2. However, two of our present findings suggest that this interpretation is incorrect. First, we found that the overexpression of Neto2 alone was not sufficient to increase KCC2 surface expression in GluK1/2 Ϫ/Ϫ neurons. Second, GluK2 overexpression alone was sufficient to increase KCC2 surface abundance in GluK1/2 Ϫ/Ϫ cells. Thus, GluK2 plays a specific role in mediating KCC2 surface expression. However, this finding that GluK2 is sufficient to increase KCC2 surface expression does not preclude the important synergistic role that occurs when GluK2 is co-expressed with Neto2; in this scenario KCC2 surface abundance increases significantly compared with when GluK2 is expressed alone. This synergistic role of GluK2 and Neto2 in regulating KCC2 expression is important because all three proteins (GluK2, Neto2, and KCC2) commonly exist in a macromolecular complex in hippocampal neurons (9) . Based on the individual and synergistic roles of GluK2 and Neto2 in regulating KCC2 expression, we propose the following working model: (i) GluK2 regulates Neto2 total abundance (9, 16); (ii) GluK2 and Neto2 together increase KCC2 abundance (Figs. 2 and 3) ; and (iii) GluK2 regulates KCC2 surface expression ( Figs. 3 and 4 ). This complex co-regulation of transmembrane proteins within a macromolecular complex is similar to other recent discoveries that demonstrated how diverse classes of multimeric proteins can regulate each other within a protein complex (36 -38) .
Not all neuron types express GluK2 and/or Neto2, which raises the question of how KCC2 is recycled to the surface membrane in those cell types. For example, Purkinje cells in the cerebellum do not express Neto2 or GluK2 (17, 39) but still express KCC2 (40) . This observation would argue that the mechanism reported here may not be universal throughout the nervous system and may be restricted to distinct brain regions and/or cell types that co-express these proteins. Moreover, given that we observed GluK1/2 Ϫ/Ϫ neurons still recycled KCC2 to the surface, albeit at significantly reduced abundance, there may be additional proteins critical for KCC2 recycling. To investigate additional proteins involved in KCC2 recycling, it would be beneficial to perform an unbiased characterization of KCC2 interacting proteins. Such a proteomic analysis of the KCC2-interactome may reveal key proteins with known roles in transmembrane protein recycling.
The loss of KCC2 membrane expression underlies neurological and psychiatric disorders including epilepsy (41) (42) (43) (44) , stress (45) , autism spectrum disorder (46, 47) , schizophrenia (48), motor spasticity (49) , and neuropathic pain (50) . Thus, it is essential to elucidate the pathways and mechanisms regulating KCC2 function to develop therapeutic strategies to restore KCC2 expression and synaptic inhibition. Here we have discovered that promoting the interaction between GluK2 and KCC2 leads to an increase in KCC2 surface abundance, which can be further enhanced by promoting phosphorylation of GluK2. Thus, we describe how components of excitatory synaptic transmission regulate KCC2 function in hippocampal neurons and, in doing so, reveal a new molecular target that may be exploited to enhance KCC2 function.
Experimental procedures
Cultured hippocampal neurons and cell lines
All animal procedures were performed in accordance with the University of Toronto animal care committee's regulations. Low density cultures of dissociated mouse hippocampal neurons were prepared by removing hippocampi from postnatal day 0 -1 mouse brains. Both male and female mouse pups were used to prepare cultures; pups were obtained from either wild type (C57Bl6) or GluK1/2 Ϫ/Ϫ mice (129SV/C57Bl6). Hippocampi were treated with trypsin for 15 min at 37°C, followed by gentle trituration. The dissociated cells were plated at a density of ϳ50,000 cells/ml on poly-D-lysine-coated 25-mm glass coverslips and placed in 35-mm Petri dishes. The cells were plated in Neurobasal medium (Invitrogen) containing 0.1% penicillin/streptomycin and 1% FBS. Twenty-four hours after plating, one-third of the medium was replaced with original plating medium and then changed again every 7 days.
Transfection and cDNA constructs
Neurons were transfected using TransFectin lipid reagent (Bio-Rad) at 8 -10 days in culture prior to a significant up-regulation of KCC2 expression. Experiments were performed 24 h following transfection. The following constructs were transfected (noting where they were previously characterized in publication or obtained): Neto2-FL-HA, Neto2-⌬CUB1&2-HA, and Neto2-cyto-HA (10); GluK2(GluR6a)-MYC and GluK5 (Christophe Mulle, University of Bordeaux, France); GluK1-MYC (Dr. Sari Lauri, University of Helsinki, Helsinki, Finland) (51); GluN1-eGFP (Dr. Mike Salter, Sick Kids Research Institute, Toronto, Canada); GluK2-S846A/S868A-MYC-YFP (Jeremy Henley, Bristol University, Bristol, UK) (24); KCC2-HA (35) ; and KCC2-FLAG.
To generate KCC2-FLAG construct containing FLAG tag in the third extracellular loop of KCC2b isoform, we used rat KCC2b cDNA subcloned previously (52) into XbaI and HindIII restriction sites of pcDNA3.1(Ϫ) expression vector. Two short oligonucleotides (kcc2_FLAG_sense [5Ј-CGA TTA CAA GGA TGA CGA TAA GGG TAC-3Ј] and kcc2_FLAG_antisense [5Ј-CCT TAT CGT CAT CCT TGT AAT CGG TAC-3Ј]) were synthetized and annealed to each other. As a result, a short DNA duplex carrying 4-bp protruding 3Ј ends (GTAC) on both sides and encoding FLAG tag peptide (DYKDDDDK) was formed. KCC2b-pcDNA3.1(Ϫ) plasmid vector, which is known to contain a unique KpnI restriction site in a sequence corresponding to the third extracellular loop of KCC2b, was precut with KpnI, dephosphorylated, and ligated with the preannealed FLAG tag encoding DNA duplex. Several KCC2-FLAG clones were sequenced, and those that contained FLAG tag in a correct orientation were overexpressed in HEK293 cells and subsequently analyzed by Western blotting using anti-FLAG antibodies.
Recombinant KCC2 total expression analysis
For Fig. 1 , COS-7 cells were transfected with 125 ng of KCC2, in combination with increasing concentrations (corresponding to 0, 60, 125, 250, and 500 ng) of Neto2-HA full-length/Neto2-⌬CUB1&2 HA/Neto2-⌬cytoplasmic tail HA/GluK2-MYC/ GluK1-MYC/GluN1-eGFP using Lipofectamine (Invitrogen) at ϳ70% confluency. For Fig. 2A , 125 ng of KCC2 was transfected in combination with 125 ng of GluK1/GluK2/GluK5/Neto2 or 125 ng each of GluK1ϩGluK2/125 ng each of GluK5ϩGluK2/ 125 ng each of Neto2ϩGluK2. Thirty-six hours after transfection, the cells were washed with ice-cold 1ϫ PBS and lysed in radioimmune precipitation assay buffer (50 mM Tris⅐HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.1% SDS, 0.5% DOC, and protease inhibitors; Roche). Lysed cells were incubated on ice for 30 min and were centrifuged at 15,000 ϫ g for 15 min at 4°C. Cell lysates were mixed with SDS sample buffer containing 100 mM DTT, denatured at 37°C for 1 h, and subjected to SDS/PAGE and immunoblotted.
Immunocytochemistry
For live imaging of transfected neurons and COS-7 cells, coverslips were incubated in culture medium on ice for 10 min to stop membrane trafficking. The cells were then rinsed in chilled PBS and incubated in mouse anti-FLAG or mouse anti-HA primary antibody (1 g/ml) for 40 min. The cells were subsequently incubated in Alexa Fluor 488-or Alexa Fluor 555-conjugated rabbit anti-mouse secondary antibody to label surface expressed KCC2. To further assess total KCC2 abundance, the cells were rinsed in chilled PBS and then fixed in 4% paraformaldehyde for 12 min followed by blocking and permeabilization in 10% goat serum containing 0.1% Triton X-100 for 30 min at room temperature. Lastly, the cells were incubated in primary rabbit anti-KCC2 antibody to label the total expressed KCC2 protein, and subsequently in Alexa Fluor 555-conjugated goat anti-rabbit secondary antibody each for 45 min at room temperature. All cells were mounted in ProLong Gold Antifade (Invitrogen/Life Technologies, Ontario, Canada). Quantification of blot intensities was only performed on data obtained within a linear range of exposure.
Confocal microscopy and image analysis
Confocal images (2048 ϫ 2048 pixels) were acquired with a Leica TCS SP8 confocal system with a Leica DMI 6000 inverted microscope using standard Leica imaging software. Images were obtained using a 40ϫ/1.4 NA oil immersion objective by laser excitation (488-, 568-, and 647-nm wavelengths) and a 3ϫ zoom, a pixel resolution of 100-nm xy and a z step of 0.29 m. We analyzed fluorescence in the somatodendritic compartment (soma and the first 50 m of the proximal dendrites). For experiments where neurons were transfected with GFP-containing constructs: neurons were selected for image acquisition if they were positive for both GFP fluorescence (indicative of transfection) as well as surface labeling and displayed a typical neuronal somatic shape and dendritic branching. For experiments lacking GFP transfection (e.g. Fig. 3 ), neurons were selected for image acquisition if they had KCC2-FLAG immunostaining and surface labeling and displayed a typical neuronal somatic shape and dendritic branching. COS-7 cells were selected for image acquisition if they were positive for both GFP fluorescence and surface labeling, and based on phenotypic characteristics to avoid dividing cells. Image stacks were acquired from the top to the bottom of the transfected cell. Image names were blinded and analyzed by importing acquired z stacks into Imaris 7.6.5 (Bitplane Scientific Software) where an isosurface representing the computational volume of fluorescence was generated for each image (53) . These rendered isosurfaces were used for fluorescence intensity quantification and volumetric measurements of the neuronal soma and proximal dendrites included in the analysis. These values were exported to Excel, where they were used to calculate the fluorescence intensity per volume of each cell. Neuronal intensity per volume measurements for each experimental condition was normalized to neurons expressing KCC2-FLAG alone.
Recycling immunofluorescence
Recycling of internalized KCC2 co-transporters was assessed as previously described by Manna et al. (28) with minor modifications. Neurons were incubated with mouse anti-FLAG antibody (1 g/ml) for 1.5 h at 37°C, and COS-7 cells were incubated for 12 h at 37°C to allow antibody labeling of all KCC2 inserted into the surface membrane during that period. The cells were rinsed in chilled PBS and washed with ice-cold acetic acid buffer (0.5 M NaCl, 0.5% acetic acid, pH 2.4). The cells were then incubated at 37°C for 2 h to allow for membrane recycling of antibody labeled KCC2. The cells were chilled for 10 min on ice to stop membrane recycling, and incubated with Alexa Fluor 488-conjugated rabbit anti-mouse antibody (1:350; Invitrogen). The cells were then fixed with 4% paraformaldehyde and permeabilized, and all antibody-labeled KCC2 was then labeled with Alexa Fluor 555-conjugated rabbit anti-mouse secondary antibody to stain the non-recycled KCC2 protein. Fluorescence quantification and volume measurements were made as indicated above using Imaris 7.6.5.
TIRF microscopy
COS-7 cells were transfected with KCC2-HA, and 24 h posttransfection, the cells were washed in PBS prior to incubating them with mouse monoclonal anti-HA antibody (1:350) at 37°C for 20 min. The cells were washed in PBS and incubated in secondary (Alexa Fluor 555 goat anti-mouse secondary, 1:350) for 10 min. Transfected cells were detected by GFP expression, and live images were acquired using TIRF microscopy at a controlled temperature of 37°C on an Olympus IX81 inverted microscope. Images were taken with a Hamamatsu C9100 -13 EM-CCD camera and a 60 ϫ 1.49 NA oil immersion objective using 561-nm excitation wavelength at a penetration depth of 100 nm. Volocity (PerkinElmer Life Sciences) was used for both image acquisition and analysis. GFP fluorescence was used to measure the cell area. Anti-FLAG immunofluorescence was identified on transfected cells, and using the spots identification tool in the Volocity software, the number of puncta/area was determined.
Antibodies
The following antibodies were used at the dilutions indicated: anti-KCC2 (rabbit, Millipore 07-432, Western blot dilution 1:1000, immunofluorescence 1 g/ml); anti-KCC2 (mouse, UC Davis/NIMH/NeuroMab Facility, Clone N1/12, Western blot dilution 1:1000); anti-FLAG (mouse, Sigma F3165, immunofluorescence dilution 3:1000); anti-GluN1 (mouse, Millipore 05-432, Western blot dilution 1:1000); anti-HA.11 (mouse, Covance, immunofluorescence 1 g/ml); and anti-transferrin (mouse, Invitrogen 13-6800, Western blot dilution 1:1000). Secondary antibodies conjugated to Alexa Fluor 488 and Alexa Fluor 555 were used for visualization at a concentration of 1:500 for live and fixed immunocytochemistry and 1:350 for the recycling assay (Life Technologies).
Electrophysiology
Electrophysiology was performed on neurons between 10 and 13 days in culture. Gramicidin (50 g/ml) perforated patch clamp recordings were performed with ϳ5-7 M⍀ glass pipettes using an Axon Instruments Multiclamp 700B and Clampex 9.2 (Molecular Devices, Sunnyvale, CA). Cultured neurons were continuously perfused with standard extracellular solution or extracellular solution containing PMA (200 nM) dissolved in DMSO. Standard extracellular solution was composed of 150 mM NaCl, 3 mM KCl, 3 mM CaCl 2 ⅐2H 2 O, 2 mM MgCl 2 ⅐6H 2 O, 10 mM HEPES, 5 mM glucose, pH 7.4, osmolarity ϭ 307-315 mOsmol. Intracellular recording solution was composed of 150 mM KCl, 10 mM HEPES, and 50 g/ml gramicidin, pH 7.4, osmolarity ϭ 300 mOsmol. Recordings started when the series resistance dropped below 50 M⍀. I-V curves were made by depolarizing the membrane potential in steps while simultaneously stimulating GABAergic transmission. A 10 M GABA puff was applied to the soma using a PicoSpritzer (Parker Hannifin, Hollis, NH). A linear regression of the IPSC/ amplitude was calculated to determine the reversal potential of GABA (E GABA ) and the slope of that linear regression was taken as the synaptic conductance. Electrophysiological values have not been corrected for the liquid junction potential of ϳ7 mV.
Statistics
The results are given as means Ϯ S.E. The n values represent number of neurons and are stated in the figure legends. For biochemical experiments in Figs. 1 and 2 , the n values were obtained from a minimum of three independent sets of biological samples. For electrophysiology, immunocytochemistry and recycling assays, the n values were obtained from a minimum of three experiments (independently cultured coverslips); in the majority of cases, only one n value was obtained per coverslip. Statistical significance was determined using either SigmaStat or GraphPad Prism (version 5.01) software and noted as follows: *, p Ͻ 0.05; **, p Ͻ 0.01; and ***, p Ͻ 0.001.
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